In order to determine the energy needed to artificially dry a product, the latent heat of vaporization of moisture in the product, h fg , must be known. Generally, the expressions for h fg reported in the literature are of the form h fg = h(T)f(M), where h(T) is the latent heat of vaporization of free water, and f(M) is a function of the equilibrium moisture content, M. But expressions of this type contain a simplification because, in this case, the ratio h fg /h would only depend to the moisture content. In this article a more general expression for the latent heat of vaporization, namely h fg = g(M,T), is used to determine h fg for banana. To this end, a computer program was developed which fits automatically about 500 functions, with one or two independent variables, imbedded in its library to experimental data. The program uses nonlinear regression, and classifies the best functions according to the least reduced chi-square. A set of executed statistical tests shows that the generalized expression used in this work given by h fg = g(M,T) produces better results of h fg for bananas than other equations found in the literature.
INTRODUCTION
One of the important stages in several productive processes, in the most different areas of human activity, is that regarding the drying of bodies or products constituted by porous materials. As example, drying is used in the following fields: foodstuff, ceramics, pharmaceutical and paper industries. The drying of a wet body can happen in a natural or artificial way. In the case of artificial drying, the most common method for agricultural products is to heat up the air, decreasing its relative humidity, and soon after to transfer it, in a given velocity, for the ambient in which it is placed in contact with such product. Then, there is a continuous process of transfer of heat from air to inside the body. Simultaneously, there is transfer of moisture from the interior of the body to its surface, and from the surface to the drying air, in the form of vapor.
In several studies on artificial drying of a product, it is observed that the determination of the amount of energy requested in the process depends, among several factors, on the latent heat of vaporization, h fg , of water in the product. In addition, in the determination of the apparent thermal diffusivity to describe the heat transfer from air to inside the product, h fg is required [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In some works, latent heat of vaporization is neglected to describe heat transfer from air to inside product during the drying process [12] . In several works, when researchers do not know h fg in given drying condition, they use latent heat of vaporization of free water, h [1, 4, 7, 10] . But h fg in general is significantly different of the latent heat of vaporization h of free water, and it is dependent on the studied product. So, many researchers have conducted studies with objective of determining expressions for the calculation of h fg for several products during the drying. Brook and Foster [13] , cited by Brooker et al. [14] , determined expressions for the calculation of h fg for several products, using experimental data, presupposing that the relation h fg /h for a given product could be written through a function which depends only of the moisture content of the product.
The expression proposed by Brook and Foster [13] is used in works about drying simulations of agricultural products as, for example, in References [15, 16] . Al-Mahasneh et al. [17] studied moisture sorption thermodynamics of defatted sesame meal and they found good result admitting that the ratio h fg /h depends only on moisture content. Prado and Sartori [18] also used the general expression proposed by Brook and Foster [13] to study simultaneous heat and mass transfer in packed bed drying of seeds having a mucilage coating. Corrêa et al. [19] modified the function h fg /h proposed by Brook and Foster [13] , and they fitted the modified function to the data obtained for corn. Kaleemullah and Kailappan [20] determined an expression for the calculation of h fg for red chillies using experimental data obtained for this product. In these works aforementioned, the dependence of the ratio h fg /h with the temperature of the product was not considered.
The objective of this article is to investigate the dependence of the ratio h fg /h with the temperature of the drying air for a given product, and to verify if that dependence is significant in the determination of an expression for h fg . In addition, it was studied a way of including such dependence in the determination of an empiric expression for the calculation of h fg for bananas. In this study, the obtained expression was compared with other available ones in the literature.
MATERIAL AND METHODS
In order to obtain an expression for the calculation of the latent heat of vaporization, h fg , of the water in a product, usually the Clausius-Clapeyron's equation is used (see, for example, Smith et al. [21] ), supposing that the ideal gas equation can be applied to the vapor, being neglected the volume of water in the liquid phase. A usual procedure in the solution of the Clausius-Clapeyron's equation consists in the integration of this equation considering h fg as a constant value between two given states. For free water, the latent heat of vaporization, h, is obtained with the same previous procedure, being substituted the partial pressure of water vapor, P v , by the partial pressure of water vapor at saturation, P vs . In this way, observing that v v s , where is the relative humidity of the air, and comparing the expression obtained for h fg with the expression obtained for h, both in the same temperature band, we write (see, for example, Brooker et al. [14] ): 
If and P vs are determined for the states 1 and 2, the ratio h fg /h, given by Eq.1, is known. In this paper, the relative humidity of the air,   , will be determined by interpolation of the Modified-Oswin equation fitted to the experimental data of banana, and it was made by [22] : 0.9020 1 16.68 0.1212 1 100
where T is the temperature (˚C), is the relative humidity of the air (decimal) and M is the equilibrium moisture content (decimal, dry basis). Given M and T, the relative humidity of the air, , can be determined from Eq.2.
 
The partial pressure of water vapor at saturation can be determined from, for example, experimental data available in Brooker et al. [14] , or in Smith et al. [21] . These data could be used in the fit, for example, of Antoine's equation. However, the expression for P vs was obtained using Riedel's equation [23, 24] , because that equation presents better indicators of fit than Antoine's equation. In this paper, the parameters of Riedel's equation were obtained through non-linear regression using the available data in Brooker et al. [14] , between 0 and 85˚C. Thus, using LAB Fit Curve Fitting Software V. 7.2.48 (www.labfit.net), the obtained equation for P vs is given by the following way: 
where P vs is obtained in kPa when T is given in ˚C. For the mentioned fit, it was obtained the determination coefficient and reduced chi-square With Eqs.2 and 3,  and P vs can be determined for specified values of M and T, and it makes possible to determine the ratio h fg /h through Eq.1. On the other hand, an expression for the latent heat of vaporization of free water is given by [14] :
where h is obtained in kJ·kg -1 when the temperature is given in ˚C.
In works about determination of latent heat of vaporization of water in a given product, it is common to admit that the ratio h fg /h, in a given temperature interval, only depends on the moisture content of the product. Brook and Foster [13] proposed the following equation:
where the parameters A and B are determined by curve fitting. Corrêa et al. [19] proposed a modification in Eq.5: 
Obviously, in Eqs.7 and 8 it is supposed that the latent heat of vaporization of water in the product is given by a function expressed by two other, with separation of variables, in the form:
In this paper, it was investigated if a more general function, without the previous supposition of separation of variables, given in the form expressed by Eq.10, describes the latent heat of vaporization of water in a product better than Eq.9:
The procedure used in the investigation for bananas involved five levels for the equilibrium moisture content, M (0.10; 0.15; 0.20; 0.25 and 0.30 db), and four levels for the temperature, T (10˚C; 20˚C; 30˚C and 40˚C). The calculation of the ratio h fg /h through Eq.1, for a given equilibrium moisture content, M, in a specified temperature, T, presupposes the knowledge of the relative humidity of the air, , in two states, named 1 and 2. Thus, the relative humidity of the air was calculated, through Eq.2, in a state 1, with T 1 = T + 1˚C, and in a state 2, with T 2 = T − 1˚C. The two states around T could be characterized by other values, as 0.5˚C, for example, instead 1˚C. However, the chosen band, defined by 1˚C, produces the same results that the band defined by 0.5˚C and, then, the first band was used in the calculations. The partial pressure of vapor at saturation was calculated through Eq.3 and this makes it possible to calculate the ratio h fg /h using Eq.1. Then, the value of h fg could be determined for each M and T, since h(T) can be calcu- 
RESULTS AND DISCUSSION
For the specified values for temperature and equilibrium moisture content in the banana, Table 1 could be set up, which indicates the relative humidity of the air,  , calculated through Eq.2.
On the other hand, using the Eq.3, the partial pressure of water vapor at saturation could be determined, in the neighborhoods of each specified temperature: P vs1 (T 1 = T + 1˚C) and P vs2 (T 2 = T − 1˚C). The results are shown in Table 2 .
With the results obtained in Tables 1 and 2 , Eq.1 can be used for determination of the ratio h fg /h for the values of the temperature and moisture content previously specified, and it resulted in Table 3 . An observation of Table 3 indicates that the dependence among h fg /h and the temperature exists for given moisture content. For moisture content equal to 0.10, for example, the percentile discrepancy of h fg /h between 10 e 40˚C is of, approximately, 2.65%. Then, it is evident the introduction of a systematic error when such ratio is described by Eq.5 or 6. This can be visualized by the fitting, for example, of Eq.5 to the data of Table 3 , as shown in Figure 1 . Figure 1 shows that all the points involving the temperatures 30˚C and 40˚C are located above of fitted surface while the points involving the temperatures 10˚C and 20˚C are below.
On the other hand, the latent heat of vaporization of free water can be obtained through Eq.4, and it is shown in Table 4 .
Once obtained the values of the ratio h fg /h ( Table 3 ) and h (Table 4), the latent heat of vaporization of moisture in the banana, h fg , can be obtained by multiplication of the two values, and it is shown in Table 5 .
An observation of Table 5 makes it possible to say: the bigger the equilibrium moisture content of banana is, the more h fg approximates the value of h. On the other hand, comparing the data of Table 4 with the data of Table 5 , it can be noticed that a considerable error is made when substituting h for h fg . The smallest error between h fg and h is 3.6% (T = 10˚C; M = 0.30), and the bigger is 8.4% (T = 40˚C; M = 0.10).
The fit of Eq.7 to the data of 
with h fg in kJ·kg
; T in ˚C and M decimal. Eq.11 involves four parameters, although two have only been Table 3 . The full circles represent experimental points above or on the surface, and the empty circles below it. Each vertical line gives an idea of the distance between the experimental point and the surface. determined by curve fitting in the present paper. About the fit, the following results are presented for the accomplished statistical tests. With respect to the reduced chi-square, it was obtained . For the coefficient of determination, it was obtained R 2 = 0.756869. For t-Student test, it was obtained P(t) = 0 for two determined parameters. Details on these statistical tests can be obtained, for example, in Bevington and Robinson [25] or in Taylor [26] . A plot for the function h fg = (M,T), given by Eq.11, is presented in Figure 2 . 
, T in ˚C and M decimal. Eq.12 involves five parameters, although three have only been determined by curve fitting in the present paper. With respect to the statistical tests, it was obtained R 2 = 0.760549 and . The t-Student test for the first parameter indicates that the probability that this parameter is zero is 74.8%. The second parameter has a probability equal to 19.0%, and the third, 71.2%. The plot of the function h fg (M,T), given by Eq.12, is shown in Figure 3 .  and R 2 we can't conclude that Eq.12 is better than Eq.11 to describe data of Table 5 . In addition, three parameters of Eq.12, determined by curve fitting, have a considerable probability of being zero, in spite of the obtained values. This means that the model given by Eq.12 should be rejected as expression for the calculation of the latent heat of vaporization of water in banana. On the other hand, the fit which resulted in Eq.11 has very bad statistical indicators, and this equation should also be rejected as expression for the calculation of latent heat of vaporization of water in banana.
As the inspection of Table 3 indicates a considerable dependence between the ratio h fg /h and the temperature, functions of the type suggested by Brook and Foster [13] , given by Eq.9, with separation of variables, cannot be the more adapted to express the latent heat of vaporization of water in banana.
Using LAB Fit®'s Finder for the data of Table 5 , the software related the best functions among the existent ones in its library. The one that best represents the data of Table 5 is the function identified by the order number given by 450:
where A, B, C, and D are the parameters of the fit. After fit of this function to the data, it was obtained:
  
where h fg is obtained in kJ·kg −1 when M is decimal and T is given in ˚C. Eq.14 involves four parameters, all them determined by curve fitting in this paper. Statistical indicators to the nonlinear regression of this function were obtained as it follows: R 2 = 0.996725 and . In this fit, all the parameters are significant because, for all them, t-Student test is zero: P(t) = 0. The indicators of the quality of this last fit are much better than those referring ones to Eqs.11 and 12 and, for this reason, Eq.14 can be considered as an option for the determination of latent heat of vaporization of water in banana. The plot of h fg (M,T), given by Eq.14, is presented in Figure 4 . The idea of the precision of a result obtained by Eq.14, in comparison to the corresponding value in Table 5 (Table 5) , and this means that the two values have a percentile discrepancy of only 0.04%. Naturally, the more precise the results obtained by Eq.2 for  are, the better will be the results obtained by Eq.14 for h fg .
For the determination of the uncertainty of a value obtained through fitted function, the covariance matrix must be known, and this matrix also is given by LAB Fit® software (see Eq.15).
With the covariance matrix known, the uncertainty of a value calculated by Eq.14 is determined by error propagation [27]: 
with a probability of 95.4%.
CONCLUSIONS
The analysis of the obtained results for banana, in the temperature band of 10˚C up to 40˚C and moisture content between 0.10 and 0.30 (db) makes it possible to affirm:
1) As the ratio h fg /h depends on the temperature, for given moisture content, functions of the type of Eq.10 are more suitable than those given by Eq.9 for the determination, by curve fitting, of an empiric expression for the latent heat of vaporization of water in banana.
2) For banana in drying process, the latent heat of vaporization h fg decreases with the increase of the moisture content and the increase of the temperature.
3) The statistical indicators of the fit which resulted in Eq.13 suggest that such equation is a good option for the determination of the latent heat of vaporization of the analyzed product.
4) The obtained results for banana suggest that the proposed methodology in this paper can constitute in a good alternative for the determination of empiric expressions for the latent heat of vaporization of water in another products.
